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@ PERSPECTIVE

The future of bone marrow stromal
cell transplantation for the treatment
of spinal cord injury

Bone marrow stromal cell (BMSC) transplantation therapy is a
promising approach for treating spinal cord injury (SCI), based on
a number of experimental and clinical reports (Wright et al., 2011).
BMSC:s are a source of neuroregenerative somatic stem cells that are
without the potential for tumorigenicity. Although clinical studies of
autologous BMSC transplantation have been reported in Asia (Jiang
etal., 2013; Yoon et al.,, 2007), in Japan, it is currently an uncommon
procedure and highly controversial as well. This perspective paper
provides an overview of the clinical effectiveness of BMSC trans-
plantation and a proposal to enhance its use as a viable therapy.

Based on findings of experimental SCI animal models, there
are two key characteristics of BMSCs that make them ideal for
clinical use for the improvement of function following SCI. One
is that BMSCs protect the injured CNS from further cellular dam-
age (Vaquero and Zurita, 2011). The other is that BMSCs support
nerve fiber regeneration (Hofstetter et al., 2002; Ukegawa et al.,
2014). BMSCs produce in abundance various trophic factors, such
as nerve growth factor (NGF), brain derived neurotrophic fac-
tor (BDNF), glial cell-derived neurotrophic factor (GDNF) and
vascular endothelial growth factor (VEGF), which participate in
either neural protection or regeneration. Six weeks after SCI, neu-
rotrophin receptors such as tyrosine kinase B (trkB) or trkC are
still expressed in neurons and glial cells (Widenfalk et al., 2001).
Thus, neurotrophic factors, such as BDNF, released by transplanted
BMSCs may be able to prevent or attenuate the extent of neuronal
cell death since neurotrophin receptors are still expressed long after
SCI. GDNF appears to be a key trophic factor as the number of
papers has confirmed its role as a key trophic factor in the protec-
tion of damaged neural tissue and axon regeneration, particularly
after SCI. In fact, BMSCs, compared to neural progenitor cells or
Schwann cells, show higher mRNA expression of GDNF in vitro
and GDNF receptors are still expressed 6 weeks after SCI (Enomoto
et al., unpublished data 2013). In case of direct delivery of these
trophic factors, without the use of cells, beneficial results have yet
to be demonstrated since these proteins do not cross the blood-
brain barrier and accumulate in extremely low quantities in the
brain and spinal cord. A method to deliver trophic factors into the
CNS should consider safety as well as high efficiency. Compared to
directly protein delivery, cell therapy, via a paracrine effect, would
appear to be a safer and more efficient method to deliver trophic
factors to the site of injury.

BMSCs could also have a neuroprotective effect via an anti-in-
flammatory mechanism, either alone or when co-transplated with
mesenchymal stromal cells. Bone marrow mononuclear cells are
activated by a number of inflammatory substances including in-
terleukin-6 (IL-6), PGE2, galectins, IL-10 and IL-12 (Bernardo
and Fibbe, 2013). Thus, such substances in the region of the injury
could activate BMSCs to produce and release trophic factors. How-
ever, BMSCs do not survive long within the injury site after trans-
plantation when transplanted in the subacute phase, 1 to 2 weeks
following SCI, in rats (Ide et al., 2010). This is a serious limitation
that needs to be resolved for BMSC transplantation to be a useful
clinical treatment.

As mentioned earlier, a key characteristic of BMSCs is that they
support nerve fiber regeneration. We have shown that BMSCs in a
honeycomb collagen sponge (HC) scaffold can directly influence
nerve fiber regeneration (Ukegawa et al., 2014). Honeycomb collagen
utilizes “artificial extracellular matrix geometry”, which highlights
the importance of a three-dimensional structure of the scaffold via a

serial tunnel structure of 400 pm pores, the end result being a highly
advantageous scaffolding for guiding sprouting neurites (Fukushima
et al., 2008). The geometry of the scaffold significantly influences
cellular differentiation and nerve growth. BMSCs in HC facilitate the
regeneration of nerve fibers (arrows in Figure 1A), such as rubrospi-
nal axons and primary afferent sensory fibers, in injured spinal cord.
As a result, in the rodent models, BMSC survive for longer periods
of time in the injured environment, support regenerating axons and
promote functional recovery without the need to genetically mod-
ify BMSC (e.g., exogenous insertion of the neurotrophin gene into
BMSCs). However, in terms of scaffolds, current difficulties include
finding the best-fitting scaffold biomaterial as a bridging structure
or hydrogel. Other issues related to scaffolds include the size and
nature of the injury and the duration of the SCI, whether implanta-
tion will occur subacutely or long after SCI. These problems need to
be resolved in order to successfully reconstruct injured spinal cord,
whether acutely or long after SCI.

Recently, a clinical trial of an autologous BMSC transplant was
performed in China (Jiang et al., 2013). The authors reported that
BMSC transplantation was effective for the treatment of SCI and
was without notable adverse side effects. From a larger sample,
eight ASIA impairment scale (AIS) A patients (1 patient with a
cervical-level SCI, 6 with a thoracic-level SCI and 1 patient with a
lumbar-level SCI) were given BMSCs via either lumbar puncture
or by CT-guided injection. Improvements from A to B or C in the
AIS were observed in four patients 30 days after treatment. In con-
trast, according to data from the Spinal Injuries Center, Fukuoka,
Japan, 12.1% of Frankel A patients with either a thoracic or lumbar
SCI improved to B-D (17 out of 141 patients ) with reduction
and stabilization surgery after a 6 month follow-up period. Thus,
compared to conventional treatment, a surprising 50% of AIS A
patients treated with BMSC showed sensory and motor functional
recovery in a short period of time. Furthermore, the duration of
SCI in a study from Jiang et al. ranged from 3 months to 10 years. It
is unclear, as the authors pointed out, if the effect of BMSC trans-
plantation on recovery was related to age, gender, cause or duration
of injury since the sample size was small and that there was a lack
of a parallel control that corresponded to each SCI case. A Japanese
group recently reported that ten SCI patients underwent BMSC
transplantation via lumbar puncture (Suzuki et al., 2014). Patients
were treated 80 days to 1 year after SCI. Out of five AIS A patients
(2 cervical-level and 3 thoracic-level SCI), one thoracic SCI patient
recovered to AIS B (20%) 6 months after BMSC transplantation. The
authors suggested that increasing cell numbers may increase efficacy
and further recommended aggregating SCI patients in a multicenter
study to overcome the recurring issue of small sample size. With
respect to efficacy, it should be noted that, in Europe, spontaneous
recovery occurs in 30% of AIS A patients, from A to AIS B-E (42
out of 139 patients) and 68% of AIS B patients, from B to C-E (27
out of 40 patients ) 12 months post-SCI (Spiess et al., 2012). With
this in mind, spontaneous recovery is likely to underlie the apparent
efficacy observed in both the Chinese and Japanese studies, though
improvements in function obtained in the Chinese study cannot be
attributed solely to spontaneous recovery. Methodology could great-
ly influence efficacy, such as BMSC delivery via lumbar puncture or
injection of BMSC into the site of injury-Jiang et al. could have listed
their method of BMSC delivery for each patient. At the acute or sub-
acute phase following SCI, direct injection of BMSCs into or around
the injury site would probably lead to good functional recovery
whereas long after the SCI, or the chronic phase, BMSCs on a scaf-
fold should be considered since some kind of structural continuity is
necessary to bridge the injury gap. In any case, each potential use of
BMSC transplantation for the treatment of SCI should be thorough-
ly discussed with a neurologist, spinal surgeon and neurosurgeon
beforehand to maximize the potential for success. With such careful
consideration, it is hoped that BMSC transplantation could be uti-
lized to promote functional recovery after SCL.

In summary, it is proposed that the mechanisms of BMSC which
promote recovery following SCI are: 1) providing protection by the
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Figure 1 Honeycomb collagen sponge (HC)
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Representative image after BMSC transplantation into hemisected rat spinal cord (A) and scheme of axons in response to transplanted BMSCs (B).
(A) Immunofluorescent photomicrograph showing green fluorescent protein (GFP)-positive cells (green) within the implantation site of a HC seeded
with BMSCs. Regenerating nerve fibers are shown as SMI31-positive fibers (red) in a GFAP (blue)-negative area. Arrows point to a subset of GFP-pos-
itive cells located along regenerating nerve fibers. (Reproduced from Ukegawa et al., 2014.) (B) The axonal response to surviving BMSCs in the HC.
Ukegawa et al. showed increased calcitonin gene-related paptide (CGRP)-positive sensory fibers found at the site of implantation and 5-HT-positive
serotonergic fibers contralateral to the implantation site in spinal cords implanted with BMSCs. Retrograde tracing showed increased rubrospinal
neuron projections distal to the HC implant containing BMSCs. The application of BMSCs in a HC scaffold in the injured spinal cord directly pro-

moted nerve regeneration, thus resulting in functional recovery.

production of growth factors and anti-inflammatory molecules, 2)
direct guidance of axonal regeneration. During the acute to sub-
acute phase following SCI, BMSCs can have a crucial role in pro-
tecting injured tissue but their rate of survival is low within the site
of injury. During the chronic phase, the protective effects of BMSC
may not be as important as axonal regeneration but a combination
of the best-fitting scaffolding with BMSC could lead to improved
BMSC survival, increased axonal regeneration and thus functional
recovery. In the future, to gain a more clear idea of the efficacy of
BMSC on SCI and to better understand what issues need to be
addressed so that BMSC transplantation can be utilized clinically
as useful treatment for SCI, clinical studies should utilize similar
methodological protocols and patient inclusion criteria-there
should be serious consideration for an Asian multicenter study.

Given currently available somatic stem cells derived from autol-
ogous tissue, out of these, BMSC shows promise as a cell-based op-
tion that could be utilized for the treatment of SCI. Further efforts
are needed to improve scaffold structure and to develop methods
for promoting the long-term survival of BMSC and, thus, the re-
generation of injured spinal cord tissue. It is entirely possible that
given such improvements, BMSC could be utilized in other neuro-
logical disorders in which there are currently no cures.
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